Plants rely on the innate immune system to defend themselves from pathogen attacks. Reactive oxygen species (ROS) and nitric oxide (NO) play key roles in the activation of disease resistance mechanisms in plants. The evolutionarily conserved mitogenactivated protein kinase (MAPK) cascades are universal signal transduction modules in eukaryotes and have been implicated in the plant innate immunity. There have been many disputations about the relationship between the radicals (ROS and NO) and MAPK cascades. Recently, we found that MAPK cascades participate in the regulation of the radical burst. Here, we discuss the regulatory mechanisms of the oxidative and NO bursts in response to pathogen attacks, and crosstalk between MAPK signaling and the radical burst.
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Biological Function of ROS and NO
Rapid production of reactive oxygen species (ROS) and nitric oxide (NO), called the oxidative burst and the NO burst, respectively, plays a role in development and diverse physiological processes, such as resistance to biotic or abiotic stress, and hormonal signaling. In plants, apoplastic generation of superoxide (O 2 -), or its dismutation product hydrogen peroxide (H 2 O 2 ), has been documented following recognition of pathogens. 1 Plasma membrane NADPH oxidase has been implicated in apoplastic ROS production following successful pathogen recognition. The NADPH oxidase was initially described in mammalian neutrophils as a multicomponent complex mediating microbial killing. 2 gp91 phox is the enzymatic subunit of this oxidase and transfers electrons to molecular oxygen to generate O 2 -. Plant NADPH oxidases designated as Respiratory Burst Oxidase Homolog (RBOH) have been identified as genes related to mammalian gp91 phox and carry an N-terminal extension comprising two EF-hand motifs, suggesting that Ca 2+ regulates their activity. 2 Recently, NO has also attracted attention as the radical that participates in innate immunity in plants. NO induces activation of the mitogen-activated protein kinase (MAPK), 3 and the expression of defense genes, such as Phenylalanine ammonia-lyase and pathogenesis-related proteins. 4 In animals, NO is produced by NO synthase (NOS). The sources of NO synthesis in plants include reduction in nitrite by nitrate reductase (NR), oxidation of arginine to citrulline by NOS, and a nonenzymatic NO generation system. 5 Although no plant NOS gene has yet been identified, many studies have demonstrated that NO ASSOCIATED1 (NOA1; formerly NOS1) participates in NOS activity and pathogen-triggered NO burst. [6] [7] [8] [9] Pharmacological and genetic approaches show that NR also plays key roles in NO burst during interaction between pathogens and plants. [9] [10] [11] ROS and NO play important roles independently or coordinately in plant innate immunity. ROS generated on the plasma membrane can directly cause strengthening of the cell walls via cross-linking of glycoproteins against secondary infection 12 and simultaneously activating the Ca 2+ channel to increase the level of cytosolic Ca 2+ . 13 Ca 2+ may function not only as an inducer of the oxidative burst but also as a signaling molecule downstream of the oxidative burst that causes various cellular responses, including defense. However, NO signaling includes various messenger molecules, such as cGMP, cADP ribose and Ca 2+ , 4 which both directly and indirectly modulate the expression of specific genes. 14 NO signaling pathways often include posttranslational modification of target proteins, such as NO-dependent cysteine S-nitrosylation that can modulate the activity and function of different proteins. [15] [16] [17] NO can also react with O 2 -to form the reactive molecule peroxynitrite (ONOO -). ONOO -is responsible for tyrosine nitration, 18 which is the major toxic reactive nitrogen species in animal cells. 19 In plants, NO and O 2 -are produced simultaneously through a convergent signaling MAPK cascades. 9 Crosstalk between MAPK Signaling and the Radical Burst MAPK cascades are major signal transduction modules in eukaryotes and consist of at least three protein kinases, which mediate sequential phosphorylation reactions, as follows: a MAPK kinase kinase (MAPKKK) phosphorylates and activates a MAPK kinase (MAPKK), which, in turn, activates a MAPK by phosphorylation. Many studies have demonstrated that two MAPKs, tobacco salicylic acid-induced protein kinase (SIPK) and wound-induced protein kinase (WIPK), and their orthologs in other plant species play pivotal roles not only in disease responses to several pathogens but also in development and diverse physiological processes. 20, 21 MAPK cascades and calcium dependent protein kinases (CDPKs) seem to play central roles in the regulation of pathogen-responsive RBOHs, which play a pivotal role in oxidative burst, at the transcriptional and post-translational levels, respectively. 9,22,23 MAPK cascades MEK2-SIPK and cytokinesis-related NPK1-MEK1-NTF6 regulate the oxidative burst accompanied by the induction of NbRBOHB expression during defense responses in Nicotiana benthamiana. 9 CDPKs activate potato RBOHs by direct phosphorylation of the N-terminal regions. 23 (Fig. 1) .
NO has also been shown to modulate the activity of MAPK. 3 NO donors and recombinant NOS were shown to cause the activation of SIPK. 25 Recently, we showed that MAPK cascade MEK2-SIPK regulates NOA1-and NR-mediated NO burst on the basis of pharmacological and genetic analyses. 9 Thus, SIPK may give a positive feedback between NO signals as well as ROS signals (Fig. 1) .
Involvement of Radical Burst in Defense Responses
Plants have evolved a variety of defense mechanisms to protect themselves against microbial colonization. Plants rely on basal defense by using a much less specific recognition system that identifies pathogen-associated molecular patterns (PAMPs) to prevent the penetration and restrict the growth of pathogens. 26 In response to pathogens that avoid, tolerate or suppress the basal defense, plants have evolved resistance proteins, which trigger a battery of inducible defense responses as typified by hypersensitive response (HR) upon pathogen recognition. 26 Cell death during the HR is thought to deny nutrients to invading biotrophic pathogens, which can parasitize living plant cells, and be dependent on the balanced production of ROS and NO. 27 Genetic proofs for RBOH function in the pathogen-induced oxidative burst were provided by knocking out or down of RBOHs. 22, 28 Downregulation of RBOH leads to the reduction of disease resistance accompanied by elimination of extracellular ROS formation. For example, a double mutant of the Arabidopsis rbohD and rbohF genes displays reduced HR in response to avirulent bacteria. 28 Similarly, NbRBOH-silenced N. benthamiana plants are high susceptible to oomycete Phytophthora infestans, and show less HR phenotype. 22 Thus, RBOH proteins are required for ROS production following successful pathogen recognition, and these ROS may serve diverse signaling functions in disease resistance and HR.
The first direct link between NO and disease resistance was provided by the finding that infiltration of the mammalian NOS inhibitors supported increased growth of the incompatible bacterial pathogen. 29 The Arabidopsis noa1 knockout mutant shows reduction of NO production and basal defense in response to lipopolysaccharide, a PAMP, and an increase in the susceptibility to virulent bacterial pathogen. 8 Similarly, NbNOA1-silenced N. benthamiana plants show high susceptibility to hemi-biotrophic pathogen Colletotrichum orbiculare (syn. C. lagenarium), which is the causal agent of cucumber anthracnose disease. 30 Collectively, these results demonstrated that NO has an important signaling function in disease resistance.
Interestingly, recent reports indicate that the effects of the radical burst on the defense response appear to be diverse in plant-pathogen interactions. In N. benthamiana, NbRBOHB silencing shows a strong effect on resistance to P. infestans, but not to C. orbiculare, whereas NbNOA1 silencing induces high susceptibility to C. orbiculare, but not to P. infestans. 9 Although ROS usually correlate with successful disease resistance responses, some pathogens may induce production of ROS to their own advantage. For example, necrotrophs appear to stimulate ROS production in the infected tissue to induce cell death that facilitates subsequent infection. 31 Interference with the chlorophyll degradation pathway also results in overaccumulation of ROS and an increase in susceptibility to some necrotrophic pathogens. 32 Transgenic potato plants expressing a constitutively active form of StMEK2 (StMEK2 DD ) fused to a pathogen-inducible promoter are resistant to both the biotrophic pathogen P. infestans and the necrotrophic pathogen Alternaria solani. 33 However, our preliminary data indicate that transgenic potato plants carrying a constitutively active form of StCDPK5 (StCDPK5VK), which activates StRBOHs, driven by the same pathogen-inducible promoter show high resistance to P. infestans but high susceptibility to A. solani. StMEK2 DD induces both ROS and NO production, 9 whereas StCDPK5VK induces only ROS production. 23 Thus, ROS are produced as part of a complex network of defense signals that respond to pathogen attack, with opposite effects in response to necrotrophic pathogens. However, little is known about the effects of NO on the disease resistance to necrotrophic pathogens, and further investigation is needed to reveal the relationship.
Conclusion Remarks
Many studies have revealed that the radical burst play a pivotal role in the plant immunity. By contrast, ROS and NO seem to diversely function, sometimes with opposite effects. A convergent signaling pathway, that is, MAPK cascades simultaneously regulate ROS and NO production in plants. Thus, plants may have obtained during evolution the signaling pathway regulating both ROS and NO production to adapt to a wide spectrum of pathogens.
